The cross-section image of microstructure optical fiber (MOF) is usually characterized by the irregular shape, disordered distribution of the air pores, and multiple sources of noise. The traditional modeling of fiber structure does not work for these MOFs, and it is difficult to obtain the actual cross-section structure. A new method based on the digital image processing technique and finite element method (FEM) is introduced. With this method, the actual cross-section structure of MOFs can be rapidly modeled by gray scale processing, filtering, threshold, and edge detection, which is vital to the simulation of the basic properties of the fiber with FEM precisely. The method is proved to be feasible and reliable in that the dispersion coefficients of an actual fiber simulated are greatly consistent with the experimental results. In addition, the influence of perfect matched layer thinkness, as well as the curve fitting interval selection of the dispersion coefficients on the research results, is explored in the paper, which forms a basis for the correct setting of these parameters. The method has the advantages of strong adaptability, good modeling effect, rapid simulation, and accurate results. Finally, the method applies to all kinds of cross-section modeling of fiber, especially for disordered structure modeling.
Introduction
Due to the flexibility of structure design and the sensitivity to structural change, MOF has been a popular topic focused on by researchers since it was original proposed [1] , [2] , and a new research in the fields of nonlinear and optical fiber optics has started. The flexibility of structure design of the MOFs makes them have the characteristics of high tunable properties in many respects, such as guided mode [3] , dispersion [4] , [5] , nonlinearity [6] , [7] , birefringence [8] , polarization [9] , and so on. In fact, the comprehensive characteristics of the MOFs are based on the difference of various factors. For instance, the different components of the optical fiber, the fiber core, the size, the shape, the position, and the arrangement of the air holes will directly affect the final quality of optical fiber and even play a decisive role.
Generally at the moment, in the MOFs research, researchers first design the fiber structure and optimize the fiber properties by using the finite element [10] or multipole methods [11] , and then fabricate the fiber by stacking and extruding. In the process of drawing optical fibers, many irregular air holes will collapse and displace influenced by gravity, drawing temperature control, drawing speed and other factors, which will cause the structure of fabricated fibers not to conform to the theoretical design. This will seriously affect the performance of the fiber. Therefore, the change of the optical fiber characteristics caused by the deformation of structure cannot be ignored. In the past, in most references, researchers usually treat them as ideal hexagonal structure and have even idealized the cross-section of random distribution holes as standard graphics when modeling the cross-section of actual fiber with defect. Obviously, the more complex the cross-section image of PCFs, the greater the error will be.
Along with research, more scientific and more practical modeling methods have been proposed. Yao et al. proposed a numerical analysis method based on the combination of image processing algorithms and the finite difference frequency domain [12] . Based on numerical analysis methods of thresholding segmentation and Wiener filtering, the optical fiber section geometry image is obtained by using scanning electron microscopy image of photonic crystal fiber. The zero dispersion wavelength values which simulated by processing image modeling are a high coincidence with experimental values. S. Lou task group proposed two methods based on the digital signal processing technology [13] , [14] and the point spread function of Kalman filter [15] combined with finite element method to accurately evaluate the real optical properties of the MOFs. In these methods, they mainly solve the defects of optical fiber end face image. Besides, some digital image processing skills of histogram and filter processing are also included. Hlubina et al. adopted the method of modifying the histogram to handle the cross-section image [16] , [17] . Histogram modification is a common method of digital image processing, and although the authors did not detail the specific steps of solutions, the processing effects are ideal through the results. The Sobel operator is used in the MOF cross-section image processing in [13] .
The publication of these documents has greatly enriched the ideas and methods of the crosssection processing. Considering that the actual processing cross-section is often characterized by a great deal of randomness, a novel method based on digital image processing technique and finite element method is proposed to simulate the MOF property with arbitrary structure in this paper and is verified by examples. The verification shows that the simulation and experiment are in good agreement, which proves the method to be correct and scientific. In this paper, based on the concept of combination parameter design, each set of different parameters can be sucessfully mapped to a different kind of practical optical fiber end face pattern. Therefore, the concept has the advantages of good processing effect, strong operability and high adaptability to the image source of the optical fiber end face, which are not available in other papers.
Digital Image Processing Technology in the Application of Cross-Section Processing
The presence of air holes results in the uneven intensities of the cross-section structure of MOF, which causes the fiber to break easily when it is cut with a cutting knife. When such a crosssection is observed with a microscope (such as scanning electron microscope (SEM),conventional microscope,optical microscope, and so on), the uneven cutting will generate fuzzy noise owning to different depth in the cross-section iamge (such as area 1 in Fig. 1 ). In addition, due to the small size of the fiber used for sampling, it it not easy to fasten the sampling optical fiber, or it may prodece depth fuzzy noise for the cross-section is not in parallel with the objective lens (such as area 2 in Fig. 1) . Besides, the sensor noise, the optical system aberration, and the scattering of the light source are the reasons for the formation of imaging noise.
Given that the actual cross-sections of MOFs are complex, the noise sources are widely existed. In this paper, we proposed a set of solution based on digital iamge processing technilogy. It can be widely applied to the "weakening" treatment of the common noise in the MOF cross-section image and easy to derive the ideal treatment effect iamge, thus displaying a faithful structural modeling for the applicatio of FEM. The program flow chart is shown in Fig. 2. 
Gray Processing and 256 Color Conversion (Corresponding to
Step 1-Step 3, as Shown in Fig. 2) The cross-section image obtained by the microscope is generally RGB image, which is developed by the mixing principle of the three primary colors of light in nature. RGB represents red, green, and blue, respectively. Each pixel in each color can load the eighth power of 2 (in total 256) brightness levels. The three color channels are combined together to reflect the cube of the 256 (about 16 700 000) color changes. We are mainly interested in the fringe areas of holes instead of the color information of the image, when the cross-section image is dealt with. Therefore, in order to facilitate the processing, it needs to transform the RGB image into the gray scale image first, and limit the range to [0, 255] . Gray scale image is stored in the form of one dimensional matrix, and the value of each point within the matrix represents the image brightness at the point. Fig. 3 is the cross-section image of the optical fiber obtained by SEM. Fig. 4 is the gray scale image after processing. Since the Fig. 3 in this paper is yet the gray scale image, the difference between Figs. 4 and 3 is not great. But as a general rule, the original image can be RGB image.
Filtering of Butterworth High-Pass filter (Corresponding to
Step 4, as Shown in Fig. 2 ) Analyzing the image features of Fig. 1 , we can see that the locations of the holes are darker than the other regions, because the reflectance imaging is usually used for the cross-section image. As we know, the edges and the abrupt change parts of the image are related to the high frequency components, while other large areas are mainly composed of low frequency components. Therefore, the frequency domain processing method can effectively limit the low frequency components and emphasize the high-frequency component of the image edge, which lays a foundation for the edge extraction.
The Butterworth filter is commonly used in the digital image processing. The curve of frequency response in the pass-band keeps maximally flat, while the stop-band is decreased to zero. The relatively gentle changes in pass-band can effectively reduce the vibration generated in the process of filtering and prevent the formation of white noise inside the holes or black noise in the background areas after filtering. Our research shows that Butterworth high pass filter [18] is an ideal method for image filtering. By convolution theorem In the transfer function, the transfer function curve is different which depends on the cutoff wavelength D 0 and the order number n. These flexible parameter settings will greatly improve the adaptability of the sampling cross-section. All the frequency components in the sample image are filtered by the transfer function depicted in Fig. 5 . Fig. 5(a) shows that the lower the frequency is, the greater and faster the signal attenuation is; while the higher the frequency is, the smaller and the slower the attenuation is, and more smooth the curve is. Therefore, the Butterworth high pass filter can quickly attenuate the frequency components within
< 1, preserving the high frequency section, in which the highest frequency components can pass the filter nearly with no any damage. The low frequency parts represented by background are weakened and the high frequency components represented by the air holes are extruded. These make the boundary of air holes more acute. Fig. 6 is obtained after filtering.
Binary Image Is Obtained by Thresholding Smooth Image After Filtering (Corresponding to
Step 5 as Shown in Fig. 2 
)
The matrix J 1(I , J ) is the stored matrix for the data of the smooth image after filtering. For each element of the J 1(I , J ) matrix, the threshold segmentation is done. The set threshold is q. A black and white binary image is obtained by setting all the elements greater or equal to q in the matrix as 225, while it is less than q as 0. Normally, the value of q ranges as the following rules: (1) If background color of the image is very close to the holes, the range of q is 0 < q ≤ 125. (2) If they are really different, the range of q is 125 < q ≤ 255, but this is not categorical. The optimal evaluation of q is also determined by other parameters, such as the cut-off frequency. In practice, q can be carried out in a large range which is greater than 0, and less than or equal to 255 to tune up the effect. The method has the great flexibility in the processing of cross-section image, and also ensures the high adaptability to process the wide noise source. Fig. 7 is the binary image after the threshold. In Fig. 7 , q is 5. 
Edge Extraction and Geometry Formation and Effect Evaluation (Corresponding to
Step 6 ∼ Step 7, as Shown in Fig. 2 ) Using the edge extraction algorithm Canny operator [19] , fiber modeling image is obtained by extracting the edge of Fig. 7 . Canny operator is a class of optimal edge detection operator. It detects strong edges and weak edges, respectively, by using two different thresholds. The weak edges are included in the output image, when the weak edges are connected to the strong edges. The advantage of the Canny operator is that all the edges can be identified with no any missed detection or wrong detection, thus ensuring the accuracy of the edge extraction.
In actual processing, different edge extraction images can be obtained by different combination parameters, which include the cutoff frequency, the order of filter, the coefficient m and the threshold q shown in Figs. 8-10 . The values of the parameters D 0 , n, m and q are 14, 2, 0.414 and 5 respectively in Fig. 8 . In Fig. 9 , the values of the parameters D 0 , n, and m are 14, 2, 0.414 respectively, and in the threshold processing, all the nonzero elements of the matrix J 1 are forced to be converted to 255. The values of the parameters D 0 , n, m and q are 8, 2, 0.5, and 5 respectively in Fig. 10 . Comparing the processing image with the actual cross-section of MOF, the combination parameters are reserved and the next step is beginning, as the processing effect is ideal. The combination parameters are optimized until it is ideal, as the effect is not good.
The evaluation of image processing effect can refer to the folowing standards: 1) The parameters are selected when the processing effect of most the air holes is ideal.
2) The edge profile of air holes consists of smooth and continuous curve rather than broken lines. 3) In the superposed graph, the size of the extracted holes can not be obviously greater or less than the size of corresponding holes in the original graph. 4) The processing effect of the air holes near the fiber core are preferentially considered, as these holes have greater influence on fiber properties. 5) If the processing effect of Fig. 10 . Obviously, the size of air holes in Fig. 8 is less than the original graph, while the number of broken line in the holes edge is more than Fig. 10 . So in the following simulation, we choose the parameters of Fig. 10(a) for the model. Fig. 2 ) By importing the edge detection image into the finite element software Comsol to simulate, we can obtain the refractive index relationship at different wavelengths, which is the basis property to simulate the fiber. It is notable that the conversion of graphic unit and coordinate proportion must be carried out when the picture is imported, as the default unit of Comsol is the international unit m. The specific method is as follows: First, the image scale of picture is imported along with the image, then the length x 1 of the scale line is read in Comsol (unit m). If the scale line of the original image represents the value of x 0 (unit m), in Comsol, the zoom factor x can be obtained by 1(m) x 1 (m) = x x 0 (μm) , and the x s unit is μm. Second, the image scale of picture and the excess portion of the modeling image after processed in the Comsol are removed, and then, the model can be done by using the coefficient x 2 (x 2 is equal to x numerical and has no dimension) to zoom the whole image. Finally, the model is solved by the finite element method [20] , and the relationship between the effective refractive index and wavelength can be obtained. Fig. 11 shows the model of the optical fiber and the simulation of this model. In this case, x 1 = 1.51 m, x 0 = 5 μm, the zoom factor is x 2 = 3.31125828 × 10 −6 . Specially, the order of minimum unit in Comsol drawing module is about 10 −14 m. In order to improve the modeling accuracy, we set the order of zoom factor as 10 −14 or 10 −15 . The outer radius of PML is set as x or 1 = 11 μm, and the inner radius is set as x i r1 = 6.7 μm.
Finite Element Simulation for Structural Modeling (Corresponding to Step 8, as Shown in

Simulation of the Fiber s Basic Parameters and the Test of the Correctness of its Processing Method
A e f f is the effective mode area of the optical field. It can be defined as
where E(x,y) is the transverse electrical field component of the fundamental fiber mode. First, we get the fundamental fiber mode at a operating wavelength with Comsol. Second, we select "Electric field,norm" in subdomain integration under postprocessing and set the electric subdomain. At last, the operation of electric field norm as (3) can be finised by writing program code in Matlab keeping synchronous communication connection with Comsol, and the effective mode area at a operating wavelength can be obtained. The effective mode area at different operating wavelength can be obtained by wavelength scanning. A e f f is the visual reflection of the strength of restricted right, whose value has a great relationship with the structural parameters of MOF. The nonlinear coefficient γ of optical fiber is defined as [21] 
where n 2 is the nonlinear refractive index coefficient of materials. λ is the operating wavelength. A e f f is the effective mode area of optical field. The key to solve the nonlinear coefficient is reasonable /W. The value of nonlinear coefficient γ is directly related to the strength of the nonlinear of MOF, which is a important index to measure the quality of MOF. When the material and the operating wavelength are determined, the nonlinear coefficient γ is depend on A e f f . The smaller the A e f f , the greater the γ. The dispersion parameter D is defined as [21] 
where c is the propagation velocity of light in vacuum. λ is the operating wavelength. n e f f is the effective refractive index of the fundamental mode by simulating with the finite element method. In the calculations the material dispersion of silica is considered by the Sellmeier equation [23] n (λ) = 1 + As we all know, The dispersion parameter is an important index to measure the performance of the fiber dispersion. At the same time, it also determines the normal and anomalous dispersion region of the fiber. It also has influence on the nonlinear effect. From (5), we can see that the key to solve the dispersion parameter is the correct solution of the effective refractive index of the fiber mode, which depends on the fiber structure.
In conclusion, the most important thing to obtain the essential attribute(consisting of the effective mode area, the nonlinear coefficient and the dispersion parameter) of the fiber is to reconstruct the cross-section of the fiber. Using the method mentioned, we can accurately extract the real cross-section of the fiber. At this time, simulation to obtain the essential attribute of fiber becomes simple, rapid and accurate. we simulate the effective mode area of the the fundamental fiber mode A e f f and the nonlinear coefficient γ relying on wavelength in Fig. 12. Fig. 13 shows the dispersion parameter D of the fundamental mode relying on wavelength.
Discussion
Calculation of the Mode Effective Refractive Index Relying on the Setting of the Thickness of PML
In the above steps, the outer radius of PML is r or 1 = 11 μm, while the inner radius is r i r1 = 6.7 μm. The thickness is T 1 = r or 1 − r i r1 = 4.4 μm. With these parameters, the real part of the mode Fig. 13 . Dispersion parameter of the fundamental mode relying on wavelength. The black curve line is the value by experimental measurement, while the other curve lines is the value by simulation. In the simulation, the thickness of the PML is about 6.7 ∼ 11 μm, and the fitting range is 0.226 ∼ 2.5 μm in the red curve line. For the green curve line, the two parameters are, respectively, 6.7∼ 11 μm and 0.7 ∼ 0.899 μm. For the blue curve line, they are, respectively, 8 ∼ 11 μm and 0.7 ∼ 0.899 μm. For the olive green curve line, they are, respectively, 6.7 ∼ 11 μm and 0.7 ∼ 0.899 μm. effective refractive index relying on the wavelength is shown as the red curve line in Fig. 14 . To discuss the influence by the thickness of PML on the real part of effective refractive index, we set other two sets of parameters to show the influence. Two sets of parameters are r i r2 = 8 μm, r or 2 = 11 μm, T 2 = 3 μm and r i r3 = 6.7 μm, r or 3 = 16 μm, T 3 = 9.3 μm, respectively. To see the difference, we set 1 = Re(n e f f 2 ) − Re(n e f f 1 ) and 2 = Re(n e f f 3 ) − Re(n e f f 1 ) as vertical coordinates and obtain the blue and green curve lines in Fig. 14 . The differences betweem effective refractive index are quite small for the three sets of parameters as shown in Fig. 14 , the orders of the 1 and 2 are about 10 −9 . It is illustrated that the setting of the thickness of PML has only a small effect on the calculation of the mode effective refractive index. This is because that PML is artificial boundary to obtain the numerical solution of the characteristic equation. During the simulation, it is suitable when the unit of the thickness is equal to or a little larger than the unit of wavelength.
Influence by the Interval Selction When the Dispersion Coefficient is Fitted on the Calculation of Dispersion Parameter D
From (5), we need to solve the second derivative of Re(n e f f ), before the calculation of D . As Re(n e f f ) and λ are discrete numerical correspondence, the fitting for them during the calculation is demanded. During the fitting, the interval selction of independent variable λ has effect on the calculation of D . To reflect it, we compare with two groups parameters and show them in Fig. 13 . When the thickness of the PML is T 1 and the fitting range is 0.226 ∼ 2.5 μm, D relying on λ is shown as the red curve line in Fig. 13 , the zero dispersion wavelength is λ zer o1 = 0.838 μm. the thickness of the PML is still T 1 and the fitting range is 0.7 ∼ 0.899 μm, D relying on λ is shown as the green curve line in Fig. 13 , the zero dispersion wavelength is λ zer o2 = 0.843 μm. When the two parameters are respectively T 2 and 0.7 ∼ 0.899 μm, D as a function of λ is shown as the blue curve line in Fig. 13 , the zero dispersion wavelength is also λ zer o2 = 0.843 μm. We can see that the blue curve line and the green curve line coincide absolutely. When the two parameters are respectively T 3 and 0.7 ∼ 0.899 μm, D as a function of λ is shown as the olive green curve line in Fig. 13 , the zero dispersion wavelength is also λ zer o2 = 0.843 μm. Similary, the olive green curve line coincide with the blue and green curve lines.
The contrast between the red curve line and the green curve line illustrates that the fitting results are different even with the same discrete value of Re(n ef f )-λ. In addition, the fitting results are identical even with the different thickness of PML. It follows that the interval selction has greater influence than the thickness of PML on the simulation results when the dispersion coefficient is fitted. In Fig. 13 , there are two points of intersection between the red curve line and the green curve line, while the bending of the red curve line is bigger. It is illustrated that the bigger the interval selction, the bigger the bending of fitting curve. Therefore, the interval selction is much more important. In the simulation of the fiber properties, ideal results can be obtained by selecting calculated interval rather than a bigger interval.
The black curve line is obtained by experimental measurements [12] with white light interferometry (low coherence interferometry) [24] , [25] . The zero dispersion wavelength is also λ zer o0 = 0.845 μm. The white light interferometry is one of the most effective methods to measure the Chromatic Dispersion of short fiber in the experiment. The Dispersion function is obtained by fitting the interference spectrum using nonlinear curve fitting method during the postprocessing. Its processing accuracy is realy high, whose resolution is as high as 0.1/ps [25] .
The curves in Fig. 13 have high degree of agreement within the scope of drawing. The deviation between λ zer o1 and λ mzero is ε 1 = |λ zer o1 − λ mzero |/λ mzero = 0.83%, while the deviation between λ zer o2 and λ mzero is ε 2 = |λ zer o2 − λ mzero |/λ mzero = 0.24%. For parameter D , the small deviation between the simulation and the experiment sufficiently illustrate the accuracy and the correctness.
We discuss the influence of the number of data points in the fitting interval to the fitting results. In Fig. 13 , black curve has a total of 1001 discrete data points at the range of 0.75 ∼ 0.86 μm, while green curve, blue curve and olive green curve have 200 discrete data points at the range of 0.7 ∼ 0.899 μm respectively. In particular, the fiber structure model corresponding to the red curve and green curve are exactly the same. However, the red curve fitting interval in solving the dispersion coefficient interal is selected the range of 0.226 ∼ 2.5 μm and has 2275 discrete data points at this range, the green curve is 0.7 ∼ 0.899 μm and the red curve has 200 discrete data points at this range. The original datas of these curves for fitting are derived from simulation of the refractive index of the base model by the finite element method. The wavelength interval is selected 1 nm which is close to the minimum wavelength of the finite element method to accurate simulations. By comparing the red curve with the green one, we can see that even though the fitting sample date are completely consistent. If the selection of the fitting interal is inconsistent, it will lead to inconformity of the fitting curve and the radius of curvature of the fitting curve increases as the data points in fitting ranges increase. By comparing red curve, green curve, blue curve, and olive green curve, we proposed that as a result there is no necessary connection between the number of data points and the fitting results, and the fitting results are mainly determined by the choice of fitting interval.
The Processing the Ordinary Optical Microscope Images
Not only can it deal with the scanning electron microscope images, but it can also deal with the ordinary optical microscope images. Fig. 15(b) shows the processing of the ordinary optical microscope images. From this, we can see that the fiber structure is extracted and the holes near the fiber core are accurately extracted, while the outer holes can be modified by two order Bezier curve in COMSOL. According to the principle of guiding light for MOF, the error caused by the modification can be ignored.
Conclusion
This paper presents a novel method based on digital image processing technique and finite element method, which can be widely used to deal with or "weaken" the fuzzy and motion noise in the cross-section image. The method has the merits of strong adaptability, good modeling effect, rapid simulation and accurate result. By comparison, we find that the dispersion coefficients by theoretical simulation and actual measurement are in good agreement, which demonstrates the correctness and the scientificity of the method. This method is also adopt successfully to our former work [26] . The influences on the calculation are analyzed. We found that the thickness of PML has no different for the calculation of the mode effective refractive index in a reasonable range. In addition, the interval selction have a great effect on the simulation when the dispersion coefficient is fitted. Therefore, it is important to select calculated interval when the dispersion coefficient is fitted.
The method has wide applicable range. Not only can it deal with only the SEM images, but it can also deal with the ordinary optical microscope images. This method only needs a cross-section image to simulate the properties of the optical fiber. The reconstruction code of the cross-section model is run on the personal computer, and the operation time is generally controlled within 2 seconds, which is a great progress of technology.
The progress of the cross-section image processing can further weaken the influence by the inaccuracy of the cross-section image and can further compress the noise source which cause uncertain disturbances. It is realy an positive influence to the research of MOF. Therefore, the method can be used for fast simulation of optical properties, as well as for real-time monitoring and rapid assessment during the drawing process.
